This paper presents X-ray spectra of channeling radiation (CR) expected at the FAST (Fermi Accelerator Science and Technology) facility in Fermilab. Our purpose is to produce high brightness quasi-monochromatic X-rays in an energy range from 40 keV to 110 keV. We will use a diamond crystal and low emittance electrons with an energy of around 43 MeV. The quality of emitted X-rays strongly depends on parameters of the electron beam at the crystal. We present simulations of the beam optics for high brightness and high yield operations with bunch charges of 1 pC, 20 pC, and 200 pC. We estimate the X-ray spectra including bremsstrahlung background for a charge of 20 pC. The electron beam distributions with and without channeling in the diamond crystal are calculated. We discuss an X-ray detector system to avoid pile-up effect during high charge operations.
where !" is the average electron beam current, is the elementary electron charge, is the total photon yield per electron, ! is the normalized emittance, ! is the critical angle, see Eq. (2-1), ∆ ! ! is the relative width of the X-ray line, ! ! is the electron beam divergence, and is the error function. According to the Eq. (2) (3) (4) (5) , the average brightness is proportional to 1 ! , which shows that beam sizes at a crystal location should be small to generate high brightness CR. 
FAST Photoinjector
In this section, the FAST photoinjector and parameters of the electron beam for CR experiments are described. The main components in the beamline of this injector are a Cs 2 Te photocathode RF gun, two superconducting accelerating structures with TESLA style 9-cell cavities, quadrupole magnets, a chicane, a vertical bending magnet, and a beam dump [6] . Table 3 -1 show the layout and basic parameters of the photoinjector. The RF gun consists of a cathode with a molybdenum disk coated with Cs 2 Te mounted on the back plate of a 1+1/2-cell normal-conducting cavity operating at 1.3 GHz. The RF gun is identical to the one developed for the FLASH facility at DESY [7] . A bunch train repeated at 3 MHz with 1-ms duration is produced by irradiating the cathode with an ultraviolet laser pulse (wavelength of 263 nm). The electrons have an energy of ~5 MeV at the exit of the RF gun, and are accelerated up to energies in the range 43-50 MeV in the two superconducting structures operated at an RF frequency of 1.3 GHz.
In order to control the emittance growth at the source, two identical solenoid coils are utilized, a bucking coil surrounds the photocathode and the main solenoid with opposite polarity to the bucking coil is downstream of the bucking coil. The peak field is 0.28 T at the maximum current of 500 A. The bucking coil is used to cancel a magnetic fringe field from the main solenoid coil on the photocathode. The optimum coil currents are found by minimizing the measured beam emittance.
The goniometer housing the crystal and the X-ray detector for the CR experiment are located 17 m and 18.5 m, respectively from the photocathode. The goniometer stage can be rotated around vertical and horizontal axes for an incident electron beam direction and can slide horizontally. The goniometer is equipped with a target holder which houses a clear aperture, the diamond crystal and a 50 micron thick Al foil. The foil can be used as a beam monitor and for beam alignment. The hole is used when the crystal is not needed.
The electrons after going through the crystal are bent by the dipole magnet, positioned downstream of the goniometer, into the beam dump. This dipole magnet provides a kick of 22.5 degrees for transporting the electron beam into the beam dump. At 50 MeV beam energy, this requires an integrated field of 640 G-m. The quadrupole magnets used to control electron beam sizes in the beamline have a maximum gradient of 6.6 T/m at an energy of 50 MeV, their bore diameter is 54.6 mm and the effective magnet length is 617 mm. Also, eight steering magnets are inserted in the beamline to correct the electron beam trajectory. Each steering magnet is capable of a maximum kick of 7.5 mrad to a The chicane displayed in Figure 3 -1 is commonly used for bunch compression and energy collimation. In the FAST photoinjector, the four dipole magnets respectively provide a bending angle of (+, -, -, +) 18 degrees yielding a longitudinal dispersion of !" = −0.18 . In the CR experiment, the main purpose of using the chicane is to collimate away dark current of lower energy than the main photocathode current.
Several yttrium aluminum garnet (YAG) screens and electromagnetic beam-position monitors (BPMs) are available along the beamline to respectively measure the beam transverse profile and beam centroid position. Two YAG screen monitors are positioned before and after the goniometer, and we estimate the beam sizes at the crystal by using these two monitors and the transfer matrix. Also, a screen monitor inserted downstream of the vertical-bending magnet is used to obtain the beam energy and the energy spread by measuring the beam size and the vertical shift of the electron beam. In general, electron momentum is given by
where is the magnetic field and is the bending radius. Electron beam energy can be computed from Eq. (3-1)
with the (∝ current) and the bend radius of the vertically bending dipole magnet when the electron beam is observed on the YAG screen monitor. The rms beam size is determined from
where is the beam emittance, is the betatron function, ! is the rms fractional momentum spread, and is the dispersion which can be computed. When the beta function is small at the YAG screen, the rms beam size is
Therefore, the energy spread can be measured by minimizing the beam size (beta function) at the YAG screen downstream of the dipole magnet.
Electron beam dynamics from the photocathode to downstream of the second superconducting cavity (8m) were simulated, including space charge effects, using the tracking program ASTRA [15] for bunch charges ranging from 1 pC -3.2 nC. 
4-1. Beam optics solutions for CR
In this section, we present optics solutions for charges of 1, 20, and 200 pC (1) high brightness solutions with low beam sizes and divergences close to the critical angle (consistent with the beam emittance) and (2) high yield solutions with a large beam size and low divergences at the crystal.
4-1-1. Beam optics solutions for high brightness CR
(1) For bunch charges of 1, 20, and 200 pC, the beam optics from downstream of CC2, the second superconducting cavity, to the beam dump was simulated with initial parameters in Table 3 -3 using SAD (Strategic Accelerator Design) computer code [14] . quadrupole magnets, the focus point is different for different electron energies because a low energy electron is bent more than a high energy electron. As the result of these chromatic aberrations, the transverse beam sizes at the crystal become larger than those obtained by analytical calculation. Assuming sextupole magnets cannot be placed in the chicane to correct the chromaticity, the only other option to keep chromatic effects small is that the electron beams have a small enough energy spread. Figure 4 -3 shows the beam sizes at the crystal depending on momentum spread simulated by particle tracking when the beta functions for 20 pC are 3 mm at the crystal. The energy spread affects the horizontal size more due to strong horizontal focus in the last triplet magnet. Also, this shows that momentum spread should be less than 0.1% at the crystal. Expected energy spread for (1, 20) pC is about 0.1 % but larger for 200 pC.
Therefore, the effect of the chromatic aberration should not be significant for the two lower chargers. P/P=0.05% ∆ P/P=0.1% ∆ P/P=0.2% ∆ P/P=0.3% ∆ 
4-1-2. Beam optics solutions for high yield CR

4-2 Beam optics solutions with misalignment and magnetic field error
In this section, we discuss error corrections of quadrupole magnets with misalignments and magnetic field errors.
These magnets with misalignments and magnetic errors, give the beam dipolar and quadrupolar kicks with different strengths, and cause different focusing, beam deflections and excitations of betatron oscillations and unwanted dispersions. Therefore, beam optics must be simulated including these effects. In the FAST linac, corrector magnets such as steering magnets and skew magnets for corrections of the errors have been installed.
Misalignments and magnetic errors, assuming that they follow a Gaussian random distribution with a cutoff of 3σ, are set in all quadrupole magnets, and the optics calculations are done with 10 different error seeds. The RMS values of misalignments and gradient errors set in the quadrupole magnets are shown in Table 4 beam divergences at the crystal is plotted in Figure 5 -3. For the electron beam size below 0.1 mm at the crystal, the number of photons going into the detector is substantially constant at ~10 4 particles. However, it decreases when the electron beam size is over 0.1 mm. The photon beam size ! at the X-ray detector can be written as
where ! is the photon beam size and ! ′ = 13 is the photon beam divergence at the diamond crystal, and = 1.5 is the distance between the crystal and the X-ray detector. The number of photons per beam area at the X-ray detector location is proportional to
Therefore, the photon count going into the X-ray detector with the detector area = 9 ! is
This photo count is shown as a function of the beam size at the crystal in the right plot in Figure 5 Table 5 -1: The number of background photons registered in the detector for three charges.
where is the fine-structure, ! is the classical electron radius, and is the atomic number of the crystal. This shows that the photon yield, obtained by integrating over all photon energies, is independent of the electron energy.
The expected channeling spectra, including the background, when a 43 MeV electron beam is incident on a 168 µm thick diamond crystal parallel to the (110) planes, are shown in Figure 5 -6. The CR yields without the background are calculated with Eq. (2-3) , and then the process of de-channeling and re-channeling in a crystal are taken into account.
This model affects populations in bound states and leads to reduce photon yields. The CR photon count including this process can be calculated using a free parameter ! . The appropriate ! was decided from photon yields obtained in CR experiments at the ELBE facility [8] . The "CR_high" label in Fig. 5-6 corresponds to the result for a case without dechanneling ! = 21, "CR_mid" is the result for the case ! = 17 estimated from the experimental values, and "CR_low" is a more conservative result with ! = 13 corresponding to a lower yield. The X-rays with discrete energies of 110 keV (transition: 1→0), 67.5 keV (transition: 2→1) and 51 keV (transition: 3→2) are generated at the angle of 0 degree. The ratios of CR signal for CR_mid ! = 17 to the BS background are about 7 at 110 keV, 5 at 67.5 keV, and 2 at 51 keV. These theoretical values of signal to backgrounds imply that the CR signal should be clearly observable at the higher energy CR spectral lines. Table 5 -2: Number of photons generated in the forward direction for different electron energies of 43
MeV, 60 MeV, 80MeV, and 100 MeV. 
Electron beam distributions after crystal
This section describes electron beam sizes and beam divergences after the electron beam passes through the diamond crystal with and without channeling. This beam experiences multiple scattering events with atomic nuclei, and the beam divergence grows after passing through the crystal. Therefore, the electron beam emittance increases, which could cause particles loss from scraping at the beam pipe. The multiple scattering depends on whether the beam is channeled or not in the crystal. The rms scattering angle θ for an electron that is not channeled depends on the crystal thickness , its atomic number, its mass number, and the electron momentum , as [18, 19] 
where is the velocity of the electrons, !"# the radiation length of the crystal, the mass number A, and the atomic number Z. The rms scattering angle after an electron of 43 MeV passes through a 168 µm thick diamond crystal can be computed to be about 8.3 mrad. However, the beam divergence for a channeled electron has been shown to be about 0.2 -0.6 times smaller than that obtained from Eq. (6-1) [8] . Using recently added modules in Geant4 [16, 9], we estimated the scattering angles and energy spreads of the electron beam passing through the crystal under both channeling and non-channeling conditions.
The angular scattering of the electron after the crystal calculated using Geant4 is shown in Figure 6 -1. The initial beam divergence at the crystal is set to be 0.1 mrad, and 10 5 electrons are used in both cases. The left plot in Fig. 6-1 shows the angular distribution of electrons at the crystal entrance and the right plot shows the distribution after the crystal with and without channeling. The standard deviation of the entire distribution (including the tails) without channeling is about 10.1 mrad, about 100 times larger than that before the crystal. On the other hand, the standard deviation of the distribution after channeling is 7.7 mrad, or approximately 0.8 times the value without channeling. The 
where the crystal density, the velocity of a electron beam, Z atomic number, A atomic mass, ! electron rest mass, the excitation potential, and density effect correction. An experimental energy loss for a thin crystal would be smaller than that calculated by Eq. 
Compton scattering for X-ray detector
The experimental layout in Fig 3-1 shows an X-ray detector downstream of the crystal. This configuration will be used at low bunch charges when the photon rate emitted in to the detector's acceptance is about 1 photon per bunch. At higher bunch charge and the nominal laser frequency of 3 MHz, the photon rate will be high enough to cause photon pileup in this detector. Two or more photons arriving within the detector's response time (about 25 µs) will be registered as a single photon with an energy which is the sum of all the photon energies leading to a wrong spectrum. In this section, we discuss the use of a second X-ray detector placed orthogonal to the beamline which will detect photons Compton scattered from a plastic plate in order to avoid this pile up effect.
In our experiment, with a laser pulse repetition rate of 3 MHz, and for 1 pC/bunch, the number of electrons going into the diamond crystal per second can be computed using only the BS background, which indicates that the pile up will be caused even when a bunch charge of 1 pC is used.
For the pile up rejection, it is important to reduce the photon flux going into a detector. Commonly, for low photon energies, the number of photons hitting a detector can be reduced using an attenuator such as Al and Brass, and we can extract the true photon rate by calculating the number of photons absorbed into the attenuator with the absorption data which is supplied by NIST [21] . By contrast, for high photon energies, using attenuators is not effective due to a low absorption cross sections at high energies. This will be true in our experiment with expected CR photon energies ranging from 50 keV to 110 keV. Thus, we will utilize Compton scattering that can significantly reduce the photon rate for high photon energies.
Compton scattering results from the interaction of a photon with free electrons in a material substance. The scattered photons experience energy loss, resulting in shifts to longer wavelength. The differential cross section for the Compton scattering is given by the Klein-Nishina formula:
where ! is the classical radius of the electron, ℎ ! , ℎ are the energies of the incident and scattered photons respectively and is the scattering angle. In order to know the relation of a photon's cross section, scattering angle, and final energy, the differential cross section and photon energy as a function of scattering angle for incident photon energies of 50 keV, 70keV, and 110 keV are plotted in Figure 7 -1 using Eq. (7-3) and . Most photons are scattered in the forward and backward direction to the incident photons. Since the differential cross section has a minimum at 90 degrees, the detector should be placed orthogonal to the beamline (incident photons). 
CONCLUSIONS
In this paper, we have studied various aspects related to channeling radiation (CR) experiments planned at Fermilab's FAST photoinjector. The topics discussed include: 1) beam optics for both a high brightness and high yield solutions, 2) CR photon yields including background from bremsstrahlung (BS), 3) electron beam distributions with and without channeling through a diamond crystal, and 4) an X-ray detector system to avoid pile-up.
The beam optics for the two operations requires different solutions: low beam sizes for high brightness X-rays and low beam divergences for high yield X-rays. We simulated optics solutions for three bunch charges of 1 pC, 20 pC, and 200 pC with the SAD code. Small beam sizes require strong focusing and the impact of chromatic aberrations become more significant as the bunch charge increases due to a corresponding increase in the momentum spread. Thus for the high brightness solution, the minimum rms beam sizes at the diamond crystal were (1, 4, 10) µm respectively for the three bunch charges studied, As for the high yield solution, we obtained beam optics solutions with a beam divergence of 0.1 mrad at the crystal for the different bunch charges. This divergence is much less than the critical angle for channeling, about 1 mrad at 43 MeV.
In order to examine the effect of the BS background on the CR signal, we simulated the BS generated from electrons propagating in the diamond crystal using Geant4. The signal to background ratio varies from 2 at the 50 keV CR spectrum line to 7 at the 110 keV CR line.
Electron beam distributions after propagating through the crystal with and without channeling were simulated with Geant4. The beam divergence after channeling was 0.8 times smaller than the case without channeling. Also, under channeling conditions, the electron beam size after the crystal was smaller in both planes. These results suggest that a smaller emittance growth and beam size after the crystal could be used to test for channeling in the initial stage of the CR experiments.
To avoid pile up and saturation of the X-ray detectors, we utilized a second X-ray detector orthogonal to the beam line and Compton scattering to reduce the photon count. Geant4 simulations show that a 2 mm thick scattering plate made of organic matter such as PVC or PMMA can reduce the photon number in this detector by seven orders of magnitude.
